Trilateral cycle is one of the heat cycles for waste heat recovery system. In the heat exchange process of the trilateral cycle, pressurized working fluid is kept as a single liquid phase. Therefore, temperature-profile matching between the heat source and the working fluid should be improved, and exergy loss can be minimized. In the present study, thermodynamic performances of Rankine, trilateral and supercritical cycles are assessed. In the cycle simulation, maximum pressures of these three cycles are optimized to give the highest exergy efficiency. Cycle performance criteria are sink-temperature-based exergy efficiency, isentropic expansion ratio and maximum pressure. Exhaust gas (400 ℃) and hot water (80 ℃) are assumed for the heat sources. Simulation results show that the sink-temperature-based exergy efficiency of trilateral cycle is 78 %, which is 1.36 times larger than that of Rankine cycle for the hot water case. For the exhaust gas case, water is the optimal working fluid for the trilateral cycle, and the sink-temperature-based exergy efficiency is 80 %. Especially in the trilateral cycle, the optimum expansion ratio shows large variation depending on the working fluids and working conditions. Thus, a reciprocating expander should be suitable from the view point of adaptability to various working conditions. In the present study, the effect of volumetric expansion ratio with reciprocating expander is also investigated. Simulation results show that the volumetric expansion ratio of 100 or even higher is needed to reduce the expander loss.
Introduction
Waste heat recovery from low to moderate-temperature heat sources is attracting large attention from the viewpoint of effective energy utilization. Heat cycles such as Organic Rankine cycle (ORC), Kalina cycle, trilateral cycle and supercritical cycle are the major candidates to generate power from waste heat. As most waste heat sources have finite heat capacities, temperature of the heat source drops during the heat exchange process. Thus, matching the temperature profile between the heat source and the working fluid is of key importance in order to reduce the exergy loss during the heat exchange process. To improve the temperature matching, Kalina, Organic Flash Rankine and trilateral cycles have been proposed and studied. In the trilateral cycle, heat is transferred from the heat source to the single phase working fluid. Therefore, trilateral cycle theoretically can achieve the highest exergy recovery from the heat source with finite heat capacity because of its favorable temperature profile matching.
There are many literatures on ORC, Kalina cycle and organic flash cycle. These cycles have been already commercialized for some waste heat recovery power plants. For ORC, many studies have been conducted for low to moderate temperature heat sources. Katsanos et al. (2012) evaluated the advantages of ORC for the waste heat recovery of a diesel truck. Roy et al. (2011 Roy et al. ( , 2012 analyzed and optimized the performance of ORC with superheat under different heat source temperatures.
On the other hand, trilateral cycle is still in the stage of technical development. Smith et al. (1993 Smith et al. ( , 1994 Smith et al. ( and 1996 evaluated the performance and cost of trilateral flash cycle with Lysholm twin screw turbine. They reported that the adiabatic efficiency of the expander can reach 70 %, and that the trilateral flash cycle can produce 1.8 times larger output power than simple Rankine cycle for hot steam of 100-200 ℃. Oreijah et al. (2014) conducted an experimental study to compare trilateral flash cycle and ORC using screw expanders. They reported that the trilateral cycle shows a larger power generation than ORC, but the expander can be operated at lower rotational speed in ORC than in trilateral cycle. Steffen et al. (2013) proposed a novel trilateral cycle using cyclone separation and reciprocating expander, and estimated the influence of injection timing, material of cyclone, the size and frequency of reciprocating expander. They concluded that effective thermal insulation of the cyclone wall is important, and found that large stroke volume and engine speed decrease the isentropic efficiency of expander due to the influence of injection timing. They also mentioned that the cycle using water as a working fluid has 1.35 to 1.7 times higher exergy efficiency than the ORCs ever studied. Fischer (2011) compared the trilateral and the organic Rankine cycles and evaluated the advantages of the trilateral cycle. Zamfirescu et al. (2008) analyzed the performance of ammoniawater trilateral cycle and the Kalina cycle. They concluded that ammonia -water trilateral cycle can achieve higher efficiency than a single component working fluid cycle, because it can improve the temperature profile matching between the working fluid and the low temperature heat sink. Lai et al. (2012) evaluated the efficiency of trilateral cycle and concluded that the trilateral cycle with water as a working fluid has the highest efficiency of power generation. However, its volume flow rate at the outlet of the expander becomes extremely large for low temperature waste heat. They also mentioned that two-phase expander is the key component to construct the trilateral cycle system. Bao et al. (2013) and advantages of several kinds of expanders, and reported that the reciprocating piston expander has advantages of adaptability to various working conditions and tolerance for two-phase expansion. Zhang et al. (2012) reviewed Kalina cycle and reported that Kalina cycle shows better energy and exergy efficiencies than the ORC. Several researches for ORC, Kalina and trilateral cycle have been carried out. The major advantage of the trilateral cycle is the temperature profile matching, and the key technology is the two-phase expander. There are several studies of wet-vapor expansion using a Lysholm turbine (Ohman et al., 2013) or a scroll expander (Clemente et al., 2012) . However, quantitative estimation of cycle feasibility and the effect of volumetric expansion ratio for the reciprocating expander are not fully investigated. In this study, Rankine, trilateral and supercritical cycles with various working fluids are investigated. The heat sources assumed in this study are hot water and exhaust gas. A set of optimum cycle and working fluid is selected for each heat source. For the reciprocating expander, the effect of volumetric expansion ratio on the cycle performance and the rotation speed is also investigated. Figure 1 shows the components of the cycle and the states of the working fluid. The cycle consists of a pump, a heater, an expander and a condenser. At state 1, the working fluid is a saturated liquid with a temperature of T fl, 1 . Then, the working fluid is pressurized to p fluid,2 by an isentropic pump. Maximum pressure p max is equivalent to p fluid,2 . The sub-cooled liquid at state 2 enters the heater. The working fluid enthalpy is increased from h fl,1 to h fl, 2 by heat source at a pressure of p fl, 2 . At state 3, the working fluid enters the expander. For the Rankine cycle, working fluid is a superheated vapor at this state. In the expansion process, the working fluid is expanded by an isentropic expander. The working fluid pressure is decreased to p fl = p fl, 4 and the output work W exp is obtained. Finally, in the condensing process, the working fluid is condensed until it reaches state 1. Figure 2 shows the schematic temperature entropy diagrams of Rankine, trilateral and supercritical cycles. In the heating process of the trilateral cycle, as shown in Fig. 2 (b) , working fluid is a pressurized single-phase liquid and it becomes saturated at state 3. In the expansion process, the working fluid is flashed and expanded into the wet-vapor state. In the present study, the cycle is defined as trilateral if the working fluid enthalpy at state 3 is smaller than the critical point enthalpy. On the other hand, the cycle is defined as supercritical if the enthalpy at state 3 is larger than the enthalpy of the critical point and the quality after the expansion process is larger than 0.9. 
Definition of trilateral cycle

Cycle simulation of isentropic expansion 3.1 Thermodynamic analysis
The cycle is assumed to be steady in the present study. The properties of the working fluids are obtained using REFPROP ver. 9.0 (NIST, 2010). Heat sink In the pumping process, the working fluid is pressurized to p fl, 2 by isentropic pumping. During this process, entropy is fixed to s fl = s fl,1 and the working fluid pressure p fl determined by the isentropic pump is a variable. Therefore, other properties are calculated by the entropy s fl = s fl,1 and the pressure p fl . The input power for the pump ̇p is calculated by Eq. (1). In the heating process, enthalpy balance between the heat source and the working fluid is calculated by Eq. (2). The heat rate ̇i n transferred from the heat source to the working fluid is calculated by Eq. (3). Mass flow rate of the working fluid fl is determined so as to satisfy the given temperature difference at the pinch-point T pinch which is the minimum temperature difference between the heat source and the working fluid. During this process, pressure is fixed constant as p fl = p fl,2 , and other properties are calculated using the pressure p fl,2 and the enthalpy h fl . In the expansion process, the working fluid is expanded isentropically by an ideal expander. The pressure of the working fluid is decreased to the back pressure which is equal to the saturated pressure given by the heat sink temperature and the pinch-point temperature-difference. During this process, entropy is fixed constant as s fl = s fl,3 , and physical properties of the working fluid are calculated using the entropy s fl, 3 and the pressure p fl . The quality at the outlet of the expander is assumed to be 0.9 or larger for both Rankine and supercritical cycles. The output power obtained by the expander ̇e xp is calculated by Eq. (4). The isentropic expansion ratio in the ideal expansion process is defined as Eq. (5). In the condensing process, the enthalpy balance between the working fluid and the heat sink is calculated by Eq. (6). The heat rate ̇o ut transferred from the working fluid to the heat sink is calculated by Eq. (7). The net output power of the cycle is calculated by Eq. (8).
The maximum pressure of each cycle is optimized to give the highest exergy efficiency. The temperatures of the heat source after the heat exchange process are different between the cycles depending on the optimized maximum pressures and temperature differences.
̇p =̇f l (ℎ fl,2 − ℎ fl,1 )
(1) 
̇o ut = (̇e xp −̇p)
To estimate the performance of the cycles, cycle efficiency  cyc , system efficiency  sys , exergy efficiency exe and sink-temperature-based exergy efficiecy  exe,sink are defined. The cycle efficiency  cyc is defined as the ratio of output power to the heat rate ̇i n transferred from the heat source to the working fluid. The system efficiency  sys is defined as the ratio of output power ̇o ut to the heat source enthalpy rate ̇s o . The cycle efficiency is calculated by Eq. (9). The heat source enthalpy rate and system efficiency are calculated by Eqs. (10) and (11), where T 0 is surrounding environment temperature, i.e. T 0 = 25 ℃. The exergy efficiency  exe is the ratio of the output power ̇o ut to the heat source exergy ̇s o . The heat source exergy rate and exergy efficiency are calculated by Eqs. (12) and (13) . The sink-temperature-based exergy efficiency  exe,sink is the ratio of the output power ̇o ut to the sink-temperature-based exergy rate ̇e xe,sink . The sink-temperature-based exergy rate is calculated from Eqs. (14) and (15), which is defined by the temperature at the heat sink inlet T si,in instead of T 0 . Note that the sink-temperature-based exergy becomes identical to exergy when the temperature at the heat sink inlet T si,in is equal to the surrounding environment temperature T 0 . Finally, the sink-temperature-based exergy efficiency is calculated by Eq. (16). (16) Table 1 shows the fixed parameters for the isentropic expansion simulation. Heat sources assumed in this study are hot water and exhaust gas from internal combustion engines．We set the temperatures of hot water and exhaust gas as 80 ℃ and 400 ℃, respectively. Cycle simulations are conducted for 67 pure fluids in REFPROP ver. 9.0.
The actual expander efficiency is smaller than 100% due to the mechanical loss, leakage of working fluid or the temperature distribution in the working fluid. For the trilateral cycle, Smith et al. (1993 Smith et al. ( , 1994 Smith et al. ( , and 1996 reported that expansion efficiency is about 70 % when using Lysholm twin screw expander. Ohman et al. (2013) reported the adiabatic efficiency change against vapor quality at the inlet of Lysholm screw expander. They concluded that the adiabatic efficiency ranges from 60 to 80 % and adiabatic efficiency is decreased slightly with the decrease of inlet working fluid quality. Therefore, it is considered that the actual expander efficiency becomes about 70%, and the effect of working fluid quality on the expander efficiency is small. In this simulation, however, the expansion efficiency is set to 100% to evaluate the theoretical differences between the cycles and the working fluids. Figure 3 shows the sink-temperature-based exergy efficiency for T so, in = 80 ℃ case. Results are plotted only for the cases which satisfy T crit > T so,in and p max > 0.1 MPa. As a whole, the trilateral cycle achieves higher sink-temperature-based exergy efficiency than the Rankine cycle. There are several kinds of working fluids that achieve high sink-temperature-based exergy efficiecy. Figure 4 shows the sink-temperature-based exergy efficiency for T so, in = 400 ℃. Sixty kinds of working fluids are plotted which satisfy T crit > T so,in and p max > 0.1 MPa. In this case, few working fluids can compose the trilateral cycle than in the case for T so, in = 80 ℃. In Fig. 5 , sink-temperature-based exergy efficiency is plotted against maximum pressure for T so, in = 80 ℃ case. The trilateral cycle gives high sink-temperature-based exergy efficiency regardless of the maximum pressure. On the other hand, sink-temperature-based exergy efficiencies of the Rankine and the supercritical cycles increase with the maximum pressure. Figure 6 shows the sink-temperature-based exergy efficiency for T so, in = 400 ℃ . Sink-temperature-based exergy efficiency shows large variations depending on the working fluids. The trilateral cycle or supercritical cycle achieves high sink-temperature-based exergy efficiency of about 80 % at the maximum condition, but the maximum pressure of the trilateral cycle is lower than that of the supercritical cycle. Figure 7 shows the cycle performances of several cycles for T so, in = 80 ℃. In this case, iso-butane and propane are selected as the typical hydrocarbon refrigerants, and HFC32, HFC41, HFC125 and HFC143a are selected as the typical hydro-fluorocarbon refrigerants because of their low ozone depletion potential (ODP). For all working fluids, trilateral cycle achieves the highest sink-temperature-based exergy efficiency among the cycles, e.g. the trilateral cycle with iso-butane achieves a sink-temperature-based exergy efficiency of 78.2 %, which is about 1.36 times larger than those of Rankine cycle with HFC125. On the other hand, the cycle efficiency of the trilateral cycle with iso-butane is 7.4 % which is almost the same as that of the Rankine cycle with HFC125. In the trilateral cycle, the sink-temperature-based exergy efficiency of HFC32 cycle and Isobutane cycle is almost the same, but the maximum pressure of HFC32 cycle is about 5.0 MPa and that of Isobutane cycle is about 1.25 MPa. High maximum pressure generally leads to a compact system, because the expansion ratio and the volume flow rate at the expander outlet are small. The expansion ratio of the trilateral cycle using hydro-fluorocarbon refrigerants is about 4. Therefore, it is not difficult to develop a volumetric two-phase expander from the viewpoint of a maximum pressure level and moderate expansion ratio. Figure 8 shows the cycle performances of several cycles for T so, in = 400 ℃. Ethanol, benzene, toluene and water are selected as the typical natural refrigerants because of their high exergy efficiency or capability to compose the trilateral cycle. HFC134a and HFC141b are selected as the typical hydro-fluorocarbon refrigerants because of their low ODP. For this high waste heat temperature case, the supercritical cycle with ethanol achieves the highest sink-temperature-based exergy efficiency of 81.1 %. However, its maximum pressure becomes extremely high, i.e. 55.5 MPa. On the other hand, the sink-temperature-based exergy efficiency of water trilateral cycle is about 80.0 %, its expansion ratio is about 554, and the maximum pressure is about 17.4 MPa. In the expansion process of the trilateral cycle, the saturated working fluid is flashed in the expander. Therefore, the volumetric two-phase expander such as a reciprocating expander, a Lysholm expander, or a scroll expander is needed in order to prevent the influence of erosion. In general, scroll or Lysholm expanders are difficult to achieve such a high expansion ratio, so it is considered that the reciprocating expander is preferable for the trilateral cycle.
Simulation results
In this simulation, maximum pressure is determined so as to give the highest efficiency. However, in actual application, a system with extremely high pressure is not realistic. Therefore, some cycle simulations with the upper Figure 9 shows the performances of several cycles for T so, in = 400 ℃ and p max  10 MPa. The sink-temperature-based exergy efficiencies of the hydrocarbon cycles, e.g. benzene, ethanol or toluene cycle are almost the same as the cases without the maximum pressure limit. In this case, benzene supercritical cycle achieves the highest sink-temperature-based exergy efficiency of 75.8 %. Toluene is the only working fluid that can compose the trilateral cycle. When the heat source temperature is high, flammability of the hydrocarbon refrigerants becomes a problem. Therefore, the supercritical cycle with HFC141b should be preferable from a viewpoint of safety. If the maximum pressure limit is set as 20 MPa and an efficient two-phase expander is available, water trilateral cycle is the best from the viewpoint of non-flammability and high sink-temperature-based exergy efficiency. In any case, a volumetric two-phase expander is the key technology to realize efficient trilateral system. Figure 10 shows the sensitivity of pinch-point temperature-difference on sink-temperature-based exergy efficiency. When the heat source temperature is 80 ℃, the sink-temperature-based exergy efficiency of Rankine cycle decreases by about 3.4 % and that of trilateral cycle decreases by 5.4 % as the pinch point temperature difference is increased by 1.0 ℃. When the heat source temperature is 400 ℃, the sink-temperature-based exergy efficiency of Rankine cycle decreases by about 0.7 % and that of trilateral cycle decreases by 1.0 % as the pinch-point temperature-difference is increased by 1.0 ℃. 
Simulation for the cycle with reciprocating expander 4.1 Thermodynamic analysis of the expansion process
For an actual trilateral system, a volumetric expander is preferable from the view point of erosion durability. In addition, reciprocating expander has flexibility for designing large expansion ratio. In the trilateral cycle, the optimal expansion ratio shows large variations depending on the working fluids. In the simulation analysis by Steffen et.al. (2013) , the feasibility of trilateral cycle using reciprocating expander with cyclone separator is reported. However, there are limited studies on the trilateral cycle with reciprocating expander in which the saturated liquid is directly introduced. Therefore, cycle simulations using a reciprocating expander are conducted in the present study, and the relationship between cycle performances and volumetric expansion ratio for several working fluids are investigated. In this simulation, the cut-off ratio  cut is determined so as to give the highest expander efficiency for a given volumetric expansion ratio  vol . To maximize the efficiency, the working fluid pressure must be reduced as low as possible, i.e. close to the back pressure at the end of expansion process.
If the volumetric expansion ratio  vol is larger than the isentropic expansion ratio  ise , the working fluid pressure can be reduced to the back pressure, as shown in Fig. 11 (a) . Therefore, the cut-off volume V cut and the introduced fluid mass m intake are determined so that the fluid pressure at the bottom dead volume becomes equal to the back pressure. In this simulation, the expansion process is assumed to be divided into three processes, i.e. intake, expansion and exhaust. During the intake process, the pressurized working fluid is introduced into the cylinder until the cut-off point. At the cut-off point, working fluid supply is stopped, and the expansion process starts. Note that the working fluid is expanded isentropically in the expansion process. When the piston reaches the bottom dead point, the expansion process ends, then the working fluid is exhausted. Note that the working fluid pressure is equal to the back pressure, and that the exhaust process is continued until the cylinder volume becomes equal to the top dead volume. At the top dead center, the saturated vapor of back pressure is assumed to remain in the cylinder, and then the pressurized hot fluid is introduced and mixed. If the volumetric expansion ratio  vol is smaller than the isentropic expansion ratio  ise , the cut-off volume is assumed to be equal to the top dead volume, then working fluid pressure at the end of expansion process becomes higher than the back pressure, as shown in Fig. 11 (b) . In this case, working fluid is assumed to be introduced into the top dead volume of the cylinder instantaneously, and the working fluid starts to expand immediately from the top dead center. Then, the working fluid is expanded isentropically. At the beginning of the exhaust process, i.e. just after the end of expansion process, the working fluid is assumed to expand isenthalpically until its pressure becomes equal to the back pressure. At this isenthalpic expansion, output work cannot be obtained, so the adiabatic efficiency of the expander decreases. The exhaust process is continued until the volume of cylinder becomes equal to the top dead volume. In the cylinder of the top dead volume, the saturated vapor working fluid of the back pressure is assumed to remain and the pressurized hot working fluid is introduced again. Table 2 shows the fixed parameters for the volumetric expansion simulation. Heat source and working fluids investigated in this condition are the same as the isentropic expansion simulation reported in the previous section. The rotation speed is calculated for the expander of 1 L bottom dead volume. The volumetric expansion ratio is ranged from 2 to 800 for T so, in = 80 ℃, and ranged from 5 to 800 for T so, in = 400 ℃. The output power obtained by the expander is calculated from the indicated work W vol of P-V diagram and the rotation speed  vol as shown in Eq.
The condition of cycle simulation
(20). In this definition, the indicated work is equivalent to the area enclosed by the states 1, 2, 3, 3' and 4 in Fig. 11 . The rotation speed for the bottom dead volume of 1 L is obtained from Eq. (21). To estimate the size of the expander, the displacement volume against the given specific rated rotation speed is calculated. In the present study, the rated rotation speed is assumed to be n = 600 min -1 and the displacement volume is obtained from Eq.(22) . 
The Japan Society of Mechanical Engineers Figure 12 shows the cycle performances for T so, in = 80 ℃ and  vol = 100. The same working fluids as the isentropic expansion simulation are selected. For all working fluids, the trilateral cycle can achieve higher sink-temperature-based exergy efficiency than the Rankine cycle. For example, the trilateral cycle with isobutane achieves sink-temperature-based exergy efficiency of 76.8 %, which are about 1.34 times larger than those of HFC125 Rankine cycle. When the maximum pressure is high, the rotation speed becomes low. As a whole, the rotation speed of the trilateral cycle is little higher than that of the Rankine cycle. The cut-off ratio of the trilateral cycle is lower than that of the Rankine cycle. However, the cut-off ratios for these working fluid cycles are higher than unity. Therefore, the working fluid pressure is decreased to the back pressure. Figure 13 shows the performances of the cycles of T so, in = 400 ℃ and  vol = 100. For all working fluids, the sink-temperature-based exergy efficiency becomes lower than the isentropic expansion simulation. For example, the sink-temperature-based exergy efficiencies of water or toluene trilateral cycles become lower than that of the ethanol Rankine cycle. In this case, the volumetric expansion ratio is set smaller than the isentropic expansion ratio, and the cut-off ratio is fixed to 1.0 as shown in Fig. 11 (b) . Therefore, the working fluid pressure at the early stage of the exhaust state becomes larger than the back pressure. The isenthalpic expansion at this exhaust state leads to the expander loss, which is the main factor of efficiency degradation. In this condition, the ethanol supercritical cycle achieves a sink-temperature-based exergy efficiency of 65.7 %. In order to achieve high sink-temperature-based exergy efficiency, a high volumetric expansion ratio and a small top dead volume are necessary for the trilateral cycle. Figure 14 shows the effect of volumetric expansion ratio of HFC143a cycle for T so, in = 80 ℃ . A sink-temperature-based exergy efficiency increases with the increase of volumetric expansion ratio. When the volumetric expansion ratio is larger than 4, the sink-temperature-based exergy efficiency and the rotation speed of the trilateral cycle are higher than those of the Rankine cycle. When the volumetric expansion ratio is larger than 100, the sink-temperature-based exergy efficiency of each cycle becomes almost constant, and the rotation speed of the trilateral cycle becomes about 1.5 times higher than that of the Rankine cycle. The displacement volume for Rankine and trilateral cycles become almost constant when the volumetric expansion ratio is larger than 10. In this condition, the displacement volume of the trilateral cycle is about 1.9 L, which is 1.5 times larger than that of the Rankine cycle. Figure 15 shows the effect of volumetric expansion ratio of water cycle for T so, in = 400 ℃ . A sink-temperature-based exergy efficiency increases with the increase of volumetric expansion ratio. When the volumetric expansion ratio becomes larger than 50, the sink-temperature-based exergy efficiency of the trilateral cycle becomes higher than that of the Rankine cycle. When the volumetric expansion ratio is 800 which is 1.45 times larger than the isentropic expansion ratio of trilateral cycle, the sink-temperature-based exergy efficiency of the trilateral cycle is 75.7 %, about 1.39 times larger than that of the Rankine cycle. However, this value is about 94.6 % of that of the isentropic expansion for the trilateral cycle with same working fluid. If there is some top dead volume in the cylinder, cold saturated vapor is still assumed to remain before the working fluid enters the reciprocating expander, and then pressurized hot liquid is mixed to this cold remaining fluid. This remained cold working fluid causes efficiency degradation. In order to produce an efficient trilateral system, it is very important to develop an expander of a high volumetric expansion ratio to constrain the top dead volume as small as possible. In the actual design, large expansion ratio is not feasible for manufacturing. It will be better to limit the expansion ratio by limiting the piston stroke at the late expansion stage where the pressure becomes close to the back pressure. By limiting the expansion ratio, some amount of work will be lost, but it can drastically improve manufacturability. The displacement volume for rotation speed of 600 min -1 of trilateral cycle increases with the increase of volumetric expansion ratio, and when the volumetric expansion ratio is smaller than about 500, the displacement of trilateral cycle is smaller than that of Rankine cycle. For example, when the volumetric expansion ratio is 400, the displacement of trilateral cycle is 6.8 L, which is 88 % of that of the Rankine cycle, while the output power of trilateral cycle is 1.43 times larger than that of Rankine cycle.
Simulation results
Conclusions
Thermodynamic simulations of Rankine, trilateral and supercritical cycles are conducted for different waste heat temperatures conditions. Based on the present analysis, following conclusions are obtained.
(a) When hot water of 80 ℃ is assumed for the heat source, the trilateral cycle achieves the highest sink-temperature-based exergy efficiency of 78.2 % which is about 1.36 times larger than that of Rankine cycle with HFC125. In this case, several hydro-fluorocarbon refrigerants are available as working fluids. (b) When exhaust gas of 400 ℃ is assumed for the heat source, the ethanol supercritical cycle achieves the highest sink-temperature-based exergy efficiency. However, it is necessary to overcome considerations of high maximum pressure and flammability. (c) The water trilateral cycle achieves high sink-temperature-based exergy efficiency of about 80.0 % and its expansion ratio is about 554. Therefore, it is considered that reciprocating expander is suitable to achieve the high expansion ratio and adaptability to various working conditions. (d) When a reciprocating expander is used for HFC143a cycle with T so, in = 80 ℃, sink-temperature-based exergy efficiency increases with the increase of volumetric expansion ratio. When the volumetric expansion ratio is larger than 100, the sink-temperature-based exergy efficiency of each cycle becomes almost constant, and the rotation speed of the expander in the trilateral cycle becomes about 1.5 times higher than that of the expander in the Rankine cycle. (e) When the volumetric expansion ratio is 800 for water cycle for T so, in = 400 ℃, the sink-temperature-based exergy efficiency of the trilateral cycle is 75.7 %, which is about 1.39 times higher than that of the Rankine cycle. However, this value is about 94.6 % of that of the isentropic expansion with same working fluid. This can be attributed to the cold working fluid which is assumed to still remain before the working fluid enters the cylinder.
